Recent work has demonstrated that cotranslational folding of proteins or protein domains in, or in the immediate vicinity of, the ribosome exit tunnel generates a pulling force on the nascent polypeptide chain that can be detected using a so-called translational arrest peptide (AP) engineered into the nascent chain as a force sensor. Here, we show that AP-based force measurements combined with systematic Ala and Trp scans of a zinc-finger domain that folds in the exit tunnel can be used to identify the residues that are critical for intraribosomal folding. Our results suggest a general approach to characterize the folded state(s) that may form as a protein domain moves progressively down the ribosome exit tunnel.
Many small protein domains are thought to start to fold cotranslationally, while the nascent chain is still attached to the ribosome [1] [2] [3] . Whether a protein folds co-or post-translationally may depend on, e.g., the length of the polypeptide, the overall translation rate, the occurrence of slowly translated codons, mRNA secondary structure, etc. [4] , and interactions with chaperones such as trigger factor [5, 6] . While protein unfolding/refolding in vitro has been studied for many decades, our knowledge about cotranslational folding is based mainly on computational studies [1] and a rather limited collection of experimental analyses [7] .
Until now, only a few generally applicable experimental techniques have been developed to analyze the folded state of ribosome-tethered nascent chains, including limited proteolysis, NMR, chemical modification of exposed side chains, intramolecular fluorescence resonance energy transfer (FRET) and electron cryomicroscopy (cryo-EM) [2, [7] [8] [9] [10] [11] [12] . A relatively recent addition to this list is the use of so-called translational arrest peptides (APs) to detect the force generated on the nascent chain by the folding protein [2, 3, 13] . Using the latter approach, together with structure determination of a ribosome-nascent chain complex (RNC) by cryo-EM, we recently demonstrated that the model bba zinc-finger domain ADR1a [14] can fold into its native structure well within the ribosome exit tunnel [2] (Fig. 1A,B) .
In this communication, we ask whether it is possible to use AP-based force measurements to identify individual residues that are critical for the cotranslational folding of ADR1a by systematic mutagenesis. Indeed, full Ala and Trp scans of ADR1a located inside the exit tunnel show that the same residues previously identified as critical for the stability of the folded state by in vitro folding studies of full-length ADR1a and related zinc-finger proteins are critical determinants of the force generated during cotranslational folding. In addition, the Trp scan appears to identify residues in ADR1a that, when mutated, increase the size of the protein sufficiently to compromise its fit in the ribosome tunnel. Our results suggest a general approach to characterize the partially folded state(s) that may form as a protein moves progressively down the exit tunnel.
Materials and methods

Enzymes and chemicals
All enzymes were purchased from Thermo Scientific (Waltham, MA, USA) and New England Biolabs (Ipswich, MA, USA). Oligonucleotides were obtained from Eurofins MWG Operon (Ebersberg, Germany). DNA/RNA purification kits were from Qiagen (Hilden, Germany). The in vitro translation system (New England Biolabs PURExpressÒ In Vitro Protein Synthesis Kit) was purchased from BioNordika (Stockholm, Sweden). [
35 S]-Methionine was purchased from PerkinElmer (Waltham, MA, USA). All other reagents were from Sigma-Aldrich (St. Louis, MO, USA).
DNA manipulations
All ADR1a constructs were derived from a previously described pET19b plasmid [2] (Novagen, Madison, WI, USA). The wild-type in vitro-translated construct, under the control of a T7 promoter, was composed by the following elements (see Fig. S1 ): (a) an unstructured N-terminal segment (154 residues) from Escherichia coli LepB (to facilitate visualization by SDS-gel electrophoresis); (b) GSGS. . . SGSG-flanked ADR1a (PDB: 2ADR, residues 130-158); (c) a short unstructured linker derived from LepB composed of four residues; (d) the 17 residues long E. coli SecM (Ec-Ms) AP arrest peptide (sequence FSTPVWISQHAPIRGSP, underlined residues differ from the wild-type E. coli SecM AP); and (e) a 23-residue long LepB-derived C-terminal tail (to ensure that the arrested and full-length forms of the protein can be separated by SDS/PAGE). The wild-type construct was used as a starting point to create two libraries of 29 variants each by generating single alanine and tryptophan mutants in every position of the ADR1a protein (see Fig. S1 ). The original 22nd position was alanine; therefore. it was changed to glycine in the alanine scan. The mutagenesis primers were designed with the program AASCAN [15] . The mutagenesis procedure was done by an adaptation [16] of the original QuickChange TM (Agilent Technologies, Santa Clara, CA, USA) site-directed mutagenesis protocol.
After the PCR reactions, products were treated with DpnI (New England Biolabs). Chemically competent MC1061 E. coli cells were transformed and plated onto LB agar plates supplemented with ampicillin. Single colonies were picked to inoculate overnight cultures from which plasmids were subsequently purified. All constructs were verified by sequencing (Eurofins MWG).
In vitro transcription and translation
Linear ADR1a DNA constructs were generated from purified plasmids by PCR using primers overlapping the T7 promoter and terminator and were purified prior to in vitro transcription and translation (GeneJET PCR Purification Kit, Thermo Scientific). 
Quantitation
Proteins were separated by SDS/PAGE and visualized on a Fuji FLA-3000 phosphoimager. The bands were quantified to estimate the fraction full-length protein f FL = I FL /(I FL + I A ), where I FL is the intensity of the band corresponding to the full-length protein, and I A is the intensity of the band corresponding to the arrested form of the protein. Bands were quantitated using ImageJ (http://rsb.info. nih.gov/ij/) to obtain an intensity cross section, which was subsequently fitted to a Gaussian distribution using an inhouse software. All experiments were done in triplicate. Statistical p-values were calculated by a two-tailed t-test.
Sequence alignments
Using the online server PDBeFold [17] , we performed a structural search of the full PDB database with the ADR1a NMR structure (PDB: 2ADR) as the starting query. We collected 39 structures with an arbitrary cutoff Q-score > 0.46. The Q-score represents the quality of the C a -alignment, maximized by the secondary-structure matching (SSM) alignment algorithm (a Q-score of 1 indicates identical structures). Next, we curated the structure-based sequence alignment to remove sequences with big gaps and reduce the redundancy to less than 70% sequence identity with the program JALVIEW [18] . We retained 33 sequences and created a Logo representation of the alignment using the WebLogo server [19] . The PDB codes for the 33 sequences are : 2ADR, 1ARE, 1MEY, 1P7A, 1RIK, 1SRK,  1XF7, 2EL5, 2EL6, 2ELV, 2EM5, 2EMC, 2EME, 2EML,   2EN4, 2ENE, 2ENF, 2EOJ, 2EOP, 2EP0, 2EP1, 2EP3,  2EPU, 2EPV, 2EPX, 2EPY, 2EPZ, 2EQ0, 2KVF, 2RUU , 2RV3, 2YRJ, 2YSP.
Circular dichroism characterization of ADR1a wild-type and mutant peptides N-terminally free and C-terminally amidated peptides with the following amino acid sequences were obtained from PEPSCAN Presto B.V. (Lelystad, The Netherlands): KPYPCGLCNRCFTRRDLLIRHAQKIHSGN (ADR1a-wild-type, 97.7% purity), KPYPCGLCNRCFTRRDLLIA-HAQKIHSGN (ADR1a-R20A, 95.7% purity), and KPYPCGLCNRCATRRDLLIRHAQKIHSGN (ADR1a-F12A, 96.8% purity). The peptides were purified and identified through preparative liquid chromatography-mass spectrometry (LC-MS) using a C-18 column. Zinc chloride was purchased from MERCK (Darmstadt Germany), TRIS and tris(2-carboxyethyl)phosphine (TCEP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). For short-term storage, the peptides were kept in a desiccator (À20°C). Immediately before the titrations, the peptide aliquots were resuspended in extensively degassed 50 mM TRIS buffer (pH 7.0) containing 0.5 mM TCEP to prevent formation of disulfide bonds during the measurements. It was previously shown that TCEP does not interfere with Zn 2+ binding reactions [20] . Based on the manufacturer's net weight determination, we prepared 55 lM peptide solutions. The concentrations were confirmed by bicinchoninic acid (BCA) (Pierce TM BCA Protein Assay Kit). Zn 2+ titrations were performed as described [21] .
CD spectra were obtained with a Chirascan Circular Spectrometer (Applied Photophysics Inc., Beverly MA, USA). The measurements were performed at 298 K with a precision quartz cell 1 mm light path. UV-far spectra (195-250 nm) were recorded at 1 nm step with a bandwidth of 2 nm at speed of 27 nmÁmin À1 . Each spectrum was recorded 10 times and averaged. We carefully monitored the high voltage of every measurement to make sure it was bellow 700. The raw CD signal (millidegrees) was converted to mean residue ellipticity{Θ} (degÁcm 2 Ádmol À1 ) using the companion CHIRASCAN software Pro-Data Chirascan (Version 4.4.1, Applied Photophysics Inc).
Results
The AP-based force measurement assay
The basis for the force measurement assay is the by now well-demonstrated fact that APs are exquisitely sensitive to the tension in the nascent polypeptide chain at the precise moment when the ribosome reaches the last codon in the AP: the higher the tension, the lower the fraction of ribosomes that stall on the AP [22, 23] . Tension can be generated by any suitable agent that exerts a pulling force on the nascent chain: a hydrophobic transmembrane helix during membrane insertion [23] [24] [25] , charged residues during translocation across the inner membrane [22, 26] , an optical tweezer pulling directly on the nascent chain [13] , or a protein domain during folding in or near the ribosome exit tunnel [2, 3, 6, 13] .
The design of the constructs we used to measure the force exerted by the folding of ADR1a on the nascent polypeptide chain is shown in Figs 1C and S1. ADR1a (or mutants thereof) is placed L = 25 residues upstream of the C-terminal end of the AP from the E. coli SecM protein. The 158-residue long N-terminal tail (an unstructured segment of the E. coli LepB protein [2] ) and the 23-residue long C-terminal tail following the AP are required in order that arrested (A) and full-length (FL) forms of the protein can be separated conveniently by SDS/PAGE and their intensities quantitated (Fig. 1D ). Constructs were expressed in the PURE in vitro translation system [27, 28] .
The increased tension in the nascent chain that is generated when ADR1a folds within the exit tunnel reduces translational stalling on the AP and hence increases the fraction of full-length protein, f FL, determined from the SDS/PAGE gel. f FL serves as a measure of the instantaneous folding force F at tether length L [23] , and a plot of f FL vs. L -a 'force profile' -shows how F varies with the location of the folding protein relative to the exit tunnel [2] . Here, we keep L fixed at 25 residues, the tether length at which ADR1a folding exerts maximal pulling force on the nascent chain [2] , and systematically mutate ADR1a in order to identify residues critical for cotranslational folding from the observed variation in f FL between the wildtype protein and different point mutants.
Ala and Trp scanning of the folded ADR1a domain
Arrest peptide-based force measurements and structural studies by cryo-EM have shown that ADR1a exerts a maximal pulling force on the nascent chain and adopts a structure that is indistinguishable from the NMR structure (within the resolution of the cryo-EM density map) at a tether length of L = 25 residues [2] . We therefore chose this tether length for the current experiments. However, with the 17-residue long E. coli SecM AP (SecM(Ec)) used in the previous study, f FL % 1 at L = 25 residues, meaning that the ADR1a-SecM(Ec) [L = 25] construct would not be very sensitive to small changes in the pulling force caused by point mutations in ADR1a. We therefore used a version of the SecM(Ec) AP -SecM(Ec-Ms) -that had been mutated to resemble the stronger SecM AP from Mannheimia succiniciproducens, with sequence FSTPVWISQHAPIRGSP (underlined residues differ from the wild-type SecM(Ec) AP). With this AP, f FL = 0.53 for the ADR1a-SecM(Ec-Ms) [L = 25] construct, Figs 1D and 2, i.e., we can readily identify mutations in ADR1a that both reduce and increase f FL .
In order to probe the effects of both decreasing and increasing side-chain volume on the folding properties of ADR1a inside the ribosome exit tunnel, we carried out Ala and Trp scans across the whole ADR1a domain and measured f FL for each mutant by in vitro translation of ADR1a-SecM(Ec-Ms) [L = 25] constructs in the PURE translation system [27, 28] . The f FL values for the Ala and Trp scans are shown in Fig. 2 , and mapped onto the NMR structure of ADR1a in Fig. 3A . K1  P2  Y3  P4  C5  G6  L7  C8  N9  R10  C11  F12  T13  R14  R15  D16  L17  L18  I19  R20  H21  A22  Q23  K24  I25  H26  S27  G28  N29 + - Ala mutations in P 4 , T 13 , and R 20 (in magenta in Fig. 3A ) led to small but significant (p < 0.01) increases in f FL , Fig. 2 . P 4 is next to the Zn 2+ -coordinating residue C 5 , and its replacement by Ala may conceivably result in a less constrained main chain that allows a more optimal placement of the C 5 residue relative to the Zn 2+ ion. The bulky side chain of R 20 (a residue involved in DNA binding in analogous zincfinger proteins [29] and most likely also in ADR1a In the space-fill models, residues with f FL values that are significantly smaller/larger than the f FL value for wild-type ADR1a are indicated in blue/magenta, while residues for which f FL is unaffected by Ala or Trp mutations are indicated in red. The four zinc-coordinating residues are showed in yellow. The stick model at the top has the same orientation as the two uppermost space-fill models. (B) Sequence logo showing the sequence conservation of ADR1a calculated from a set of 33 homologs of known structure. The height of each column indicates the degree of conservation of that position in the structurebased sequence alignment, and the relative size of each letter in a column represents its frequency of occurrence in that position. The sequence logo was generated using WebLogo [19] .
replacement by Ala might improve the fit of ADR1a in the confined space of the exit tunnel. The effect of the T 13 A mutation is more difficult to rationalize, especially since Ala is the fourth most common residue in this position in ADR1a homologs, Fig. 3B . Eight Ala mutations gave a significant reduction (p < 0.01) in f FL compared to wild-type ADR1a: those in the four Zn 2+ -coordinating residues C 5 , C 8 , H 21 , and H 26 (yellow in Fig. 3A) , plus mutations F 12 A, L 18 A, A 22 G, and G 28 A (blue in Fig. 3A) . Strikingly, six out of these eight residues (the four zinc ligands together with F 12 and L 18 ) were previously identified as the minimal structural determinants of the C 2 H 2 zincfinger fold [31] . F 12 and L 18 are the central residues in the hydrophobic core (Fig. 3A) and A 22 is sandwiched between L 18 and His 26 . All three are well conserved among ADR1a homologs, Fig. 3B . Replacement of F 12 or L 18 by Ala compromises the DNA-binding affinity of ADR1a [30] , and reduces the stability of a designed 'minimalist' zinc finger in vitro [31]; the effects of the A 22 G mutant have not to our knowledge been studied before, either in vitro or in vivo. The role of G 28 is less clear, but it is also a well-conserved residue.
While a number of bba zinc-finger domains have been extensively studied in vitro [32], ADR1a is not among them. We therefore wanted to confirm the critical role played by F 12 in other zinc-finger proteins for ADR1a. A peptide corresponding to the F 12 A mutant, together with two control peptides (wild-type ADR1a and the R 20 A mutant), were analyzed by circular dichroism (CD) spectroscopy [21] , Fig. S2 . Wild-type ADR1a and the R 20 A peptide both showed similar Zn 2+ -dependent increases in a-helical content (as evidenced by a large increase in negative ellipticity at 222 and 208 nm) that plateaued at a 1 : 1 peptide:Zn 2+ molar ratio, Fig. 4 . The F 12 A peptide showed only a minor increase in negative ellipticity at 222 nm in response to Zn 2+ , and did not display the minimum at 208 nm that is characteristic of a-helix formation [21] , Fig. S2 . bba zinc-finger domains have very high Zn 2+ -binding affinities (up to 10 15 M À1 [20, 32] ); this implies that titrations of the kind as shown in Fig. 5 cannot be used to determine binding constants [20] but suffice to demonstrate 1 : 1 binding stoichiometry and the induction of a-helical structure by Zn 2+ biding. Interestingly, the minimal zinc-biding peptide NH 2 -KLHEGGHGGCGGCGGW-CONH 2 binds Zn 2+ but does not acquire a folded conformation [32] . Similarly, the F 12 A peptide appears to bind Zn 2+ and remain mostly in a flexible conformation with low helix content in vitro.
In the majority of positions, Trp mutations had significantly lower f FL values than wild-type ADR1a, Fig. 2 . As seen in Fig. 3A , these positions (in blue) are concentrated in the part of the ADR1a domain that is most deeply buried in the ribosome exit tunnel in the stalled ADR1a-SecM(Ms-Sup1) [L = 25] construct, while the part that is located in the lower, more spacious part of the exit tunnel (Fig. 1A) is less sensitive to Trp mutations. This suggests that mutations that increase the size of the folded ADR1a domain make it more difficult for it to fit in the exit tunnel at a tether length of L = 25 residues. If this is indeed the case, increasing L should lead to smaller, less significant differences between the f FL values for the wild-type ADR1a construct and the Trp mutants, because folding will take place in a more spacious part of the exit tunnel. (Fig. 3A, in magenta) , resulted in small but significant increases in f FL . R 15 is in the part of ADR1a that is otherwise insensitive to Trp mutations, while the other two are close to the C-terminal end. The reasons for these small increases in f FL above wild-type ADR1a are not obvious from the structure. Notably, mutation of the critical F 12 residue in the hydrophobic core to Trp does not significantly affect f FL , in contrast to the corresponding Ala mutation.
Discussion
Arrest peptide-based force measurements provide a simple and accurate way to probe cotranslational folding events that take place in or close to the ribosome exit tunnel [2, 3, 6, 13] . Here, based on an analysis of the ADR1a zinc-finger domain, we show that the contribution of each residue to the force generated during cotranslational folding of a protein domain inside the exit tunnel can be determined by Ala and Trp scanning. The Ala scanning results are entirely consistent with in vitro studies of purified ADR1a: the residues most critical for stabilizing the folded state are the four Zn 2+ -coordinating residues, and residues F 12 and L 18 that constitute the hydrophobic core [14] . Trp scanning confirms these critical residues, but in addition indicates that the part of the protein that is most deeply embedded in the exit tunnel according to our recent cryo-EM structure [2] is located in such a confined space that the introduction of additional side-chain volume in most positions compromises the cotranslational folding of ADR1a. In contrast, the part of ADR1a that is located in the lower, more spacious part of the exit tunnel is largely insensitive to Trp mutations.
Given the close correspondence between the force measurement results and data obtained by in vitro studies of ADR1a and related zinc-finger proteins, the approach described here may provide a useful alternative to studies of protein folding by in vitro methods, in particular for proteins or protein domains that are difficult to produce and purify in amounts sufficient for biophysical characterization. All that is required is that the pulling force that the protein generates on the nascent chain during cotranslational folding, either in vivo or in an in vitro translation system, is large enough to be detected by an AP, such as the SecM (Ec-Ms) AP used here. Since many different variants of the SecM AP with different strengths have been identified [25] , one with a suitable 'force constant' will in general not be difficult to find. While many, if not most, small protein domains (≤ 10 kDa) probably fold inside the ribosome exit tunnel and hence should generate sufficient force during folding [1, 3] , larger proteins can also generate substantial forces on the nascent chain even if they fold outside the exit tunnel [6, 13] , and may hence also be amenable to this type of analysis. One caveat is that folding reactions that are slow compared to the rate of translation (~1 s À1 in the PURE system, 10-20 s À1 in vivo [33]) will not have time to equilibrate during each step of translation and hence may generate less force on the nascent chain; however, most reasonably small protein domains fold on a 1-100 ms time scale [34] . Even in the absence of high-resolution structural data on a ribosome-embedded folded protein domain, for small domains that fit in the ribosomal tunnel Trp scanning may be able to suggest which parts of the domain are more deeply embedded in the tunnel at a given tether length. By repeating the Ala and Trp scans at different tether lengths, it should be possible to characterize partially or fully folded states that may form as a protein domain moves progressively down the exit tunnel. 
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